Objective: Noninvasive brain imaging techniques are a powerful tool for researching the effects of drug abuse on brain activation measures. However, because many drugs have direct vascular effects, the validity of techniques that depend on blood flow measures as a reflection of neuronal activity may be called into question. This may be of particular concern in event-related functional magnetic resonance imaging (fMRI), where current analytic techniques search for a specific shape in the hemodynamic response to neuronal activity.
Method:
To investigate possible alterations in task-related activation as a result of drug abuse, fMRI scans were conducted on subjects in four groups as they performed a simple event-related finger-tapping task: users of cocaine, nicotine, or cannabis and control subjects.
Results: Activation measures, as determined by two different analytic methods, did not differ between the groups. A comparison between an intravenous saline and an intravenous cocaine condition in cocaine users found a similar null result. Further in-depth analyses of the shape of the hemodynamic responses in each group also showed no differences.
Conclusions:
This study demonstrates that drug groups may be compared with control subjects using event-related fMRI without the need for any post hoc procedures to correct for possible drug-induced cardiovascular alterations. Thus, fMRI activation differences reported between these drug groups can be more confidently interpreted as reflecting neuronal differences.
(Am J Psychiatry 2006; 163:1245-1251)
The investigation of clinical populations to find inherent differences in brain activity is one of the functions of noninvasive brain imaging that has great potential for enhancing our understanding of the brain. Research on the effects of drugs of abuse, in which cognitive and affective as well as direct drug differences are investigated, is one such application. However, given that many drugs may have direct vascular effects and that functional magnetic resonance imaging (fMRI) is an indirect measure of neuronal activity based on blood flow, it is important that researchers determine the extent to which these nonneuronal effects might affect fMRI activation measures. If drugs of abuse do affect cardiovascular properties, then the interpretation of fMRI differences as indicators of between-group neuronal differences is suspect.
Cocaine increases mean arterial blood pressure, reduces cerebral blood volume, and causes cerebral vasoconstriction (1) (2) (3) (4) . The interaction between complex global and regional vascular changes and the fMRI bloodoxygen-level-dependent (BOLD) signal is still poorly understood (5) , and the literature contains conflicting conclusions on what effects such changes might have. It has been shown that the BOLD signal is affected in chronic cocaine abusers even when no cocaine has been administered; chronic abusers exhibited a significantly enhanced positive BOLD response to photic stimulation compared with control subjects (6) . The duration of prior cocaine use has been demonstrated to predict the relationship between cocaine administration and vasoconstriction (3) , which suggests that cocaine may have a cumulative residual effect that is present whether or not the drug is present in the bloodstream. These studies suggest that a task-induced BOLD fMRI signal may be confounded by chronic vasoconstrictive effects in cocaine users. However, Luo and colleagues (1) showed that the potential confounding factor of changes in mean arterial blood pressure had little effect on the interpretation of cocaine-induced BOLD changes and thus concluded that BOLD fMRI could be extended to map drug-induced neuronal activity. Arriving at a similar conclusion, Gollub and colleagues were able to observe an expected 2%-3% increase in visual stimulusinduced BOLD signal on top of a 14% decrease in baseline blood flow after acute cocaine administration (4) . Breiter and colleagues demonstrated that fMRI can map localized dynamic changes in brain activation after cocaine infusion (7) . Combined, these studies lead us to conclude that although there may be chronic or baseline effects of cocaine on the vasculature that underlies the BOLD signal, it is nonetheless possible with fMRI to observe robust taskinduced activation changes in cocaine users.
Nicotine is a prominent and more socially acceptable drug of abuse, and a number of studies have examined the drug's cognitive and cardiovascular effects. It has been shown that nicotine affects cognitive strategies on working memory tasks (8) and improves attention (9) and performance on working memory tasks (10) . These improvements in performance have been associated with changes in activation in task-relevant areas. There are conflicting opinions on whether administration of nicotine increases (11, 12) or decreases (13, 14) cerebral blood flow (CBF), and most studies have found a complex pattern of decreases and increases across the brain. Terborg and colleagues reported that although they discovered significant increases in CBF velocity and levels of oxyhemoglobin and total hemoglobin, no substantial increase in regional CBF was found (15) . However, nicotine has also been found to cause vasodilation (16) , and other evidence suggests that chronic users exhibit a global reduction in CBF (17) . Although little is known about how these increases and decreases would affect the BOLD signal in nicotine users, one study found no evidence for an effect of nicotine on a task-activated BOLD signal response to photic stimulation (18) . Thus, whatever direct effect nicotine has on the vasculature, it may not alter the coupling between BOLD signal and neuronal activity in the cortex.
The effects of marijuana and its active ingredient tetrahydrocannabinol (THC) on cardiovascular function have been the subject of several reviews (19) (20) (21) (22) . The most commonly observed cardiovascular effect of these drugs in human subjects is a dose-related tachycardia (23) (24) (25) (26) that follows a time course similar to that seen for the drugs' psychoactive effects. The overall effect of marijuana and THC is to increase myocardial workload and oxygen demand, and there is some evidence that high doses of cannabinoids can depress the respiratory system in animals (19, 27) . At the same time, the drugs' effects on blood pressure are minimal (20, 26) , and moderate doses of intravenous THC (28) or smoked marijuana (29) in human subjects have not been associated with increases in carbon dioxide. Functional cannabinoid type 1 receptors are found on cerebral blood vessels (22, 30) , although their functional significance remains unclear. Studies using fMRI have shown that there are individual differences in blood flow reactions to THC (17, 31) . Mathew and colleagues found that in a majority of subjects, CBF increased after administration of THC and that those in whom it decreased had a significant alteration in time sense (31) . With evidence for both decreases and increases in CBF, even in the same experiment, the effect of THC administration on task-induced BOLD fMRI signal change is not well known.
To summarize, there is evidence that the administration of cocaine, nicotine, or THC has direct cardiovascular effects, but what consequences these effects have on brain vasculature and, more important for our present purposes, on neuronally mediated vascular changes is quite unclear. In chronic abusers of such drugs, cardiovascular properties may be altered permanently, and thus changes in cerebrovascular dynamics may be detected even when the drug of abuse is not present in the system. Such alterations could confound the interpretation of results from fMRI studies in substance-abusing populations. This would be of particular concern when trying to determine differences in brain function between drug abusers and control subjects, and it may be especially problematic in event-related fMRI designs in which hemodynamic responses may overlap, thereby requiring deconvolution analyses that assume robust and linearly additive hemodynamic responses.
In this study, to investigate possible alterations in taskrelated activation as a result of drug use, we had four groups perform a simple event-related finger-tapping task: users of cocaine, nicotine, or cannabis and control subjects. We had a second group of cocaine users perform the same task after an injection of saline (the intravenous saline condition) and after an injection of cocaine (the intravenous cocaine condition). An event-related task was chosen as a particularly appropriate test for assessing hemodynamic differences. Two types of analyses were performed on the functional data, both to ensure the robustness of any findings and, given that different researchers employ different analytic techniques, to show that the results are unbiased to the technique used. The first technique determines an impulse response function for each voxel using a deconvolution procedure. A separate hemodynamic shape is then fitted to each voxel's impulse response function, and an activation measure is obtained from this shape. One advantage of this method is that the impulse response function can be described quantitatively, both voxelwise and subjectwise. This method should be particularly valuable if the different groups have differing hemodynamic responses. The second technique uses the standard statistical parametric mapping hemodynamic shape convolved with the event stimulus stream as a regressor in a multiple regression procedure. z-Score activation maps are found for each subject based on the scaling factor of this regressor.
Method

Participants and Task Design
The study included two parts. In the first part, 76 participants (30 female; mean age=29 years, range=19-46), all right-handed, completed the experiment. The participants constituted four groups: 25 control subjects (14 female; mean age=25 years, range=19-36), 18 cocaine users (five female; mean age=38 years, range=22-45), 13 nicotine users (six female; mean age=34 years, range=22-46), and 20 cannabis users (five female; mean age=23 years, range=19-45). The cocaine group had been using cocaine for an average of 12.5 years and spent, on average, $350 a week on cocaine. The nicotine group had been smoking, on average, for 18 years and smoked a mean of 23 cigarettes a day; their average score on the Fagerstrom Tolerance Questionnaire (32) was 5.3. The cannabis group had been using the drug for an average of 6.5 years and did so on average 6 days a week. Some subjects in the cocaine and cannabis groups also smoked tobacco. Nine members of the cocaine group smoked cigarettes (average nicotine
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ajp.psychiatryonline.org use=9 years; six cigarettes a day), and eight of the cannabis group smoked (average nicotine use=5 years; 7.5 cigarettes a day). Nicotine use in the nicotine group was significantly greater than in the cocaine and cannabis groups, both in years of use and in number of cigarettes a day.
Control subjects were naive to all drugs. The cocaine and cannabis users were abstinent from their drug of use for 24 hours prior to testing. Nicotine users had been permitted to smoke within hours of beginning the task, so concerns about acute withdrawal in this group were avoided. After subjects had been given a complete description of the study, written informed consent was obtained.
The event-related finger-tapping task used a black and white checkerboard flashing at 4 Hz for 1 second. This stimulus was presented 30 times over 6 minutes with interstimulus intervals of 8-16 seconds. A countdown clock was used to prepare participants for each checkerboard presentation. While the checkerboard appeared, the participants were required to finger-tap bilaterally for the duration of the stimulus. To minimize contamination of results due to performance differences (i.e., lower activation measures due to slower finger tapping), participants were asked to finger-tap as quickly as possible.
In the second part of the study, another 13 cocaine users (two female; mean age=37 years, range=21-45) completed the same experiment after an injection of saline and after an injection of cocaine. This group had been using cocaine for an average of 12 years and spent, on average, $220 a week on cocaine. Eleven subjects in this group smoked cigarettes (average nicotine use=15 years; nine cigarettes a day). Written informed consent was also obtained from this group. The finger-tapping task was run in conjunction with a Go/No-Go task (J. Kaufman and H. Garavan, unpublished 2004 data). The cocaine users participated in two scan sessions approximately 3 hours apart during the same day. In one session, saline was infused twice, and in the other, cocaine was infused twice; the order of infusions was counterbalanced across subjects. In each session, subjects completed the finger-tapping task twice, but we limited the analysis to the first performance of the task for comparability with the data from the other groups, in which the task was performed only once. Injections with either cocaine (at 40 mg per 70 kg of body weight) or normal saline were delivered manually through a catheter port over 120 seconds. The finger-tapping task was performed approximately 4.5 minutes after the infusion.
Scanning Parameters
Scanning was conducted on 7 mm contiguous sagittal slices covering the entire brain from a 1.5T GE Signa scanner using a blipped gradient-echo, echo-planar pulse sequence (TE=40 msec; TR=2000 msec; field of view=24 cm; 64×64 matrix; 3.75×3.75 mm in-plane resolution). High-resolution anatomic images were acquired prior to functional imaging by using spoiled gradient-recall acquisition in the steady state protocol (TR=24 msec, TE=5 msec, flip angle=45 degrees, field of view=24 cm, thickness=1.0 mm with no gap, matrix size=256×256×124).
Image Analysis
The AFNI software package (33) (http://afni.nimh.nih.gov/ afni) was used for all data processing. Initially, each voxel's time series was shifted so that the separate slices acquired at different times were aligned to the same temporal origin. Each three-dimensional image corresponding to a particular time point was then volume registered to a base image using a Fourier interpolation algorithm to align the voxels. Voxels lying outside the brain were then removed.
The estimation of the impulse response function for each voxel was performed using a deconvolution technique. This technique uses a multiple regression analysis to estimate the signal contributed by the events to the overall time series. A regressor indicating the positions of the finger-tapping events along with motion regressors derived from the volume registration were included. The deconvolution model includes both intercept and slope parameters, which can be used to calculate a baseline for the impulse response function. The best-fitting hemodynamic shape (a gamma-variate function, y=k×t r ×e -t/b ) was determined for each voxel's finger-tapping impulse response function using a nonlinear regression algorithm (34) . The estimated hemodynamic shape for each voxel was converted into a percentage-area-under-the-curve score by expressing the area under the hemodynamic curve as a percentage of the area under the baseline.
Another analysis emulated that used in statistical parametric mapping (in the SPM2 software package; http://www.fil.ion.ucl.ac.uk/ spm/spm2.html). Two regressors, one obtained by convolving the event stimulus train with the packaged SPM2 hemodynamic response function and the other with its time derivative, were used in the regression procedure (the inclusion of the time derivative in the multiple regression analysis should accommodate for differences in temporal delay between voxels [35] ). The scaling factor for the first regressor was converted into a z-score map for each participant.
The percentage-area-under-the-curve score and z-score maps were then resampled at a higher resolution (1 µl) and converted to the standard stereotaxic coordinate system of Talairach and Tournoux (36) . The images were then spatially smoothed using a Gaussian kernel with 3 mm RMS isotropic deviation.
To create regions of interest for in-depth between-group comparisons, independent sample t tests against the null hypothesis of no effect (zero activation) were performed on a voxelwise basis 
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ajp.psychiatryonline.org using the percentage-area-under-the-curve score activation maps. To negate any bias in combining these maps due to uneven numbers of participants in each group, 50 t test maps were made by randomly selecting 13 activation maps from each of the four groups (13 being the minimum number of participants in any group) and t testing each collection of 52 subjects. These t test maps were then thresholded at a strict p value of 0.000001 with a 100 µl cluster criterion and combined by ANDing the maps together (i.e., using the logical AND function, a voxel was deemed to show a significant effect only if it showed a significant effect in all 50 t test maps after thresholding). A similar procedure was followed using the z-score activation maps. The mean activations, for both the percentage-area-underthe-curve-score maps and the z-score maps, were calculated in each region of interest for each participant. The mean percentage-area-under-the-curve scores were inserted into an ANOVA to check for differences between each of the four groups for each region of interest. The difference was considered significant if it passed the standard threshold p value of 0.05 (to enable the detection of any differences between the groups, no corrections for multiple comparisons were made). A similar procedure was applied to the mean z-score values. Paired-sample t tests were performed for each region of interest on the percentage-area-underthe-curve scores and the z scores comparing the intravenous cocaine and intravenous saline conditions in the cocaine group.
A more in-depth analysis was performed to test for differences in the shape of the impulse response functions for each group. The average impulse response function shape in each region of interest was calculated and subjected to the nonlinear fitting procedure for each participant. This process yielded descriptive values for each participant's hemodynamic responses, such as the time to depart from baseline (t 0 ), the variables r and b in the gamma-variate equation y=k×t r ×e -t/b , the time to peak (T max ), and the standard deviation between the fitted model and the impulse response function (σ res ). Similarly, the four groups were compared on each parameter for each region of interest with one-way ANOVAs. Paired-sample t tests were also performed for cocaine users between the intravenous cocaine and intravenous saline conditions.
Results
Four areas were identified in the percentage-area-under-the-curve score AND map (Figure 1) : the left precentral gyrus (x=-31, y=-21, z=49, volume=710 µl) , the left medial frontal gyrus (x=-1, y=-1, z=54, volume=382 µl) , the right precentral gyrus (x=38, y=-15, z=50, volume=320 µl) , and the left cingulate gyrus (x=-4, y=-1, z=46, volume=182  µl) . The z-score AND map found similar clusters in the left and right precentral gyri but failed to detect both of the midline clusters (this was true even when the scaling factors of both the event regressor and its temporal derivative were included in the activation measure).
No significant differences in percentage-area-underthe-curve score and z-score measures were found in any of the region-of-interest areas when testing between the four groups in the first part of the study (i.e., control subjects, cocaine users, nicotine users, and cannabis users). Similarly, no differences in percentage-area-under-thecurve score and z score were found between the intravenous saline and intravenous cocaine activation maps in each of the region-of-interest areas ( Table 1 ).
The in-depth analysis of the shape of the impulse response functions revealed no significant differences in any region of interest when comparing the four groups on each of the parameters t 0 , r, b, T max , and σ res . Similarly, no significant differences were found between the intravenous saline and intravenous cocaine activation maps on any of the parameters.
Discussion
The lack of significant differences between the groups in percentage-area-under-the-curve score and z-score activation measures would suggest that the BOLD signal intensity is not compromised in drug users and might be indicative of intact vascular-neuronal coupling in these groups. Similarly, no significant differences between the intravenous saline and intravenous cocaine conditions were found. This result is particularly interesting since it is known that cocaine causes vasoconstriction. The results of the in-depth analysis reveal that despite the existing literature suggesting drug-related alterations in the properties of blood vessels, the hemodynamic shape is not significantly changed. Thus, the results of analytic techniques that depend on hemodynamic shape may not be distorted when investigating groups of subjects who abuse drugs. The fact that no differences were found with the z-score analysis suggests that the standardized hemodynamic shape that it uses is sufficiently sensitive to yield reliable results even when cocaine has been administered. Combined, these re- sults imply either that these drugs of abuse have no impact on the vascular processes that underlie the BOLD signal or that they affect the tonic baseline but not the dynamic task-induced, event-related BOLD changes (4).
There were differences between the final activation maps of the percentage-area-under-the-curve score and z-score analyses. One possible reason for this discrepancy is that the standard hemodynamic shape used in the zscore analysis was different from the actual hemodynamic response measured in the midline areas. In the majority of the groups, the measured impulse response function was noisier in these areas (σ res ) (Table 1) , and hence it is possible that the regressor used in the analysis did not correlate as well with the shape of the time series in those voxels and thus did not identify those voxels as significantly active (these areas do appear at a lower statistical threshold in the z-score analysis). However, the more robust percentage-area-under-the-curve score analysis that can accommodate voxelwise differences in hemodynamic shape (by being capable of fitting a different gamma-variate function to each voxel) was able to detect activations in these areas. For this reason, the regions of interest for the analyses were taken from the percentage-area-under-thecurve score AND map.
A possible confounding factor in this study is age, since both the cocaine and nicotine groups differed significantly from the control group on this measure (t=6.94, df=41, p<0.0001, and t=3.44, df=36, p<0.001, respectively). It has been shown that some BOLD fMRI hemodynamic properties change with normal aging (37, 38) . To verify whether this situation biased the results, the groups were aggregated into one and age was correlated with all experimental measures (i.e., percentage-area-under-the-curve score, z score, t 0 , r, b, T max and σ res ). No significant correlations were found, which suggests that age-related differences in the BOLD response between the groups were negligible. Furthermore, if age had an effect on nonneuronally driven vasculature, then we would expect to observe group differences, which we did not. Gender was another possible confounding factor, since the groups were not perfectly balanced on this demographic factor. Male and female differences were investigated by using independent-samples t tests on all experimental measures after collapsing across all groups. Again, no significant differences were discovered. Furthermore, multiple regression analyses with age, gender, and group as independent variables revealed no significant prediction of any of the experimental measures.
Although the sample sizes in this study were reasonably large, one might propose that the failure to find group differences was due to a lack of statistical power. It has been shown, however, that a group of 20 participants will yield stable activation maps and that the activation measures of smaller samples correlate well with those of larger groups with higher statistical power (39) . Three recent studies in our laboratory, with group sizes of 13, 13, and 15, respectively, used the percentage-area-under-the-curve score technique to detect differences between a cocaine-user group and a control group in areas associated with executive functions (40, 41; J. Kaufman and H. Garavan, unpublished 2004 data). Using this technique, we also detected age-related activation differences with groups of 10 or fewer subjects (42) . This suggests that the null result of this study is not due to a lack of statistical power. To demonstrate this further, the drug users were aggregated into a single group, and analyses comparing control subjects with all drug users were repeated. Again, no significant differences were found, thus strengthening the claim that no group differences exist in hemodynamic properties.
Although the results of this study rely on accepting the null hypothesis of no differences, it is clear from Figure 1 that robust hemodynamic responses were present in each group. The in-depth analyses show that these hemodynamic responses are not altered by the users' drug of choice, and in the case of cocaine, they did not differ even after an acute administration of the drug. This evidence demonstrates that it is possible to compare drug groups and control groups on an equal basis, using the analytic techniques described, without the need for post hoc corrections due to drug-related vascular changes. Thus, neuroimaging studies that identify activation differences between control groups and drug-abusing groups may conclude with greater confidence that the observed differences reflect true neuronal differences.
